To investigate the role of decay-accelerating factor (DAF), a cell surface complement regulator that recently has been linked to T-cell responses and autoimmunity in the pathogenesis of experimental autoimmune uveitis (EAU).
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PURPOSE.
To investigate the role of decay-accelerating factor (DAF), a cell surface complement regulator that recently has been linked to T-cell responses and autoimmunity in the pathogenesis of experimental autoimmune uveitis (EAU).
METHODS. EAU was induced in wild-type (WT) and Daf1
Ϫ/Ϫ mice, and their disease severities, IRBP specific Th1/Th17 responses, and cytokine expression profiles were compared. In a test of the efficacy of treatment with soluble mouse DAF protein, EAU was induced in disease-susceptible B10.RIII mice, and they were treated with 0.5 mg soluble DAF protein or equal volume of PBS IP every other day. Retinal histology and IRBP-specific T-cell responses were compared after 14 days. RESULTS. Both EAU incidence and histopathology scores were significantly greater in Daf1 Ϫ/Ϫ mice. There was a Ͼ10-fold greater mononuclear cell influx into the retina together with severe vasculitic lesions, retinal folding, and photoreceptor cell layer destruction. There were 5-to 7-fold greater Th1 and 3-to 4-fold greater Th17 responses against IRBP in Daf1 Ϫ/Ϫ mice with EAU, and they expressed significantly elevated levels of GM-CSF, IL-2, IL-3, and IFN-␥. WT B10.RIII mice that received soluble DAF protein treatments exhibited decreased IRBP-specific Th1/Th17 responses and were protected from retinal injury compared with the mice that received PBS treatments.
CONCLUSIONS. DAF significantly influences IRBP-specific Th1
and Th17 responses and disease severity in EAU. Systemic upregulation of DAF levels could be used to suppress retinal antigen(s)-specific autoimmunity to treat autoimmune posterior uveitis. (Invest Ophthalmol Vis Sci. 2009;50:3778 -3782) DOI:10.1167/iovs.08-3264 E xperimental autoimmune uveitis (EAU) is a rodent model of human autoimmune posterior uveitis that can be blinding and that affects 150,000 Americans annually.
1,2 EAU can be induced by immunization with several retinal proteins including S-Ag (retinal arrestin), rhodopsin, recoverin, phosducin, and interphotoreceptor retinoid-binding protein (IRBP). 2 Most studies have used uveitogenic peptides of IRBP, a 148-kDa protein located in the interphotoreceptor matrix which transports vitamin A derivatives between photoreceptors and retinal pigment epithelium (RPE). 3 For studies of H-2 b C57BL/6 background mice, human IRBP 1-20 is uveitogenic, whereas for studies of H-2 r B10.RIII mice, human IRBP 161-180 is uveitogenic. It is well established that EAU in mice is CD4 ϩ T-cell mediated. 4 Until recently, IFN-␥ generated by IRBP-reactive Th1 cells was implicated as the major effector response by both direct effects and indirect effects through activating macrophages and monocytes, 5 which produce TNF-␣ and other proinflammatory cytokines. 6 -8 Recent work has provided evidence that IL-17 plays a more critical role in both EAU and the human disease. 9 -11 In support of this, blocking IL-17 by specific mAbs dramatically reduces clinical symptoms and pathologic retinal changes in EAU. 9 The latest studies 12 suggest that both IFN-␥-producing Th1 and IL-17-producing Th17 cells are pathogenic in EAU.
Recent work by us 13 and others 14 has found that T-cell responses are modulated by decay-accelerating factor (DAF or CD55), a cell-surface C3/C5 convertase inhibitor, originally characterized as a regulator that, in the context of serum complement, protects self cells from C3/C5 activation on their surface. 15 Subsequent studies provided evidence that DAF modulates T-cell response by inhibiting local generation of C5a/C3a, which are integrally involved in antigen-presenting cell (APC) cytokine production and activated T-cell survival. 16, 17 In work related to T-cell-mediated autoimmunity thereby to EAU, we 18 and others 14 have shown that mice deficient in Daf1, the murine homologue of human DAF, have more severe experimental autoimmune encephalomyelitis (EAE), a myelinspecific T-cell-mediated central nervous system (CNS) injury model for multiple sclerosis. We found that enhanced CNS injury in Daf1 Ϫ/Ϫ mice with EAE is due to augmented MOGspecific Th1 and Th17 responses, both of which depend on enhanced APC-T-cell C5a/C3a-C5aR/C3aR interactions due to elevated local C5a/C3a production in the absence of DAF. 18 In this study, using Daf1 Ϫ/Ϫ mice and IP-administered recombinant soluble DAF protein, we found evidence that DAF, originally characterized as a complement inhibitor, regulates the IRBP-specific Th1/Th17 responses that lead to retinal injury in EAU.
MATERIAL AND METHODS
Mice and Reagents
Daf1
Ϫ/Ϫ mice were developed as described 19 and backcrossed with C57BL/6 mice for more than 12 generations. C57BL/6 and B10.RIII mice 8 to 12 weeks old were purchased from Jackson Laboratory (Bar Harbor, ME). Human IRBP peptide [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and IRBP peptide 161-180 was synthesized by Anaspec Inc. (San Jose, CA). Purified Bordetella pertussis toxin was ordered from List Biological Laboratories (Campbell, CA) and complete Freund's adjuvant (CFA) from Sigma-Aldrich (St. Louis, MO). Mycobacterium tuberculosis strain H37RA extract was purchased from Difco (Detroit, MI). All studies were performed in an approved Institutional animal protocol in the animal resource center of
Induction and Scoring of EAU
For experiments with Daf1
Ϫ/Ϫ mice on the C57BL/6 background, the mice were immunized subcutaneously in both thighs and at the base of the tail with 300 g IRBP 1-20 emulsified in CFA supplemented with 0.5 mg/mL M. tuberculosis strain H37RA extract. Pertussis toxin (1.5 g) was administered simultaneously IP. The mice were killed on day 21 and the enucleated eyes were fixed in 4% formaldehyde. Disease severity was scored on a scale of 0 to 4, as described by Chan et al. 20 using pupillary-optic nerve sections of each eye in a masked fashion.
For treatment experiments, EAU susceptible B10.RIII mice were immunized similarly with 25 g of IRBP 161-180 , and pertussis toxin was not used in this strain.
Recombinant Soluble Mouse DAF (rDAF) Preparation
Soluble mouse DAF protein was bulk produced by fermentation with the recombinant yeast Pichia pastoris strain, which was previously developed in the laboratory. 21 In brief, P. pastoris expressing the mouse DAF CCP 1-4 with a C terminus 6X His tag were cultured in a 6-L automatic fermentor (NBS, Edison, NJ). After methanol induction, recombinant mouse DAF protein was purified on a nickel column (Qiagen, Valencia, CA) and dialyzed against PBS. The purity and bioactivity of the purified mouse DAF protein were checked by Coomassie blue staining and complement-inhibition assays, as described before.
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Treatment of EAU with rDAF
For treatment experiments, 8-week-old B10.RIII mice were immunized with 5 g of IRBP 161-180 peptide in CFA and randomly divided into two groups. In the treatment group, 0.5 mg rDAF protein was given to each mouse IP every other day after immunization, until day 14, and the control group mice were given the same volume of PBS alone. On day 14, both groups of mice were killed for ocular histology and immunologic evaluations.
T-Cell Response Assays
IFN-␥ and IL-17 ELISPOT assays were performed as described. 13 Ninetysix well ELISPOT plates (Cellular Technology Ltd., Cleveland, OH) were coated in PBS overnight at 4°C with a capture antibody for IFN-␥ or IL-17, after which they were blocked with 150 L of PBS-1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO) per well and washed three times with PBS. Splenocytes (600,000) were added to wells containing different concentrations of IRBP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (C57BL/6 mice) or IRBP 161-180 (B10.RIII mice), and 24 hours later, the resultant spots were developed and counted on a computer-assisted image analyzer (Immunospot; Cellular Technology, Cleveland, OH).
Cytokine Assays
Splenocytes (2 ϫ 10 6 ) from mice euthanatized at day 21 were incubated for 48 hours with 10 g/mL IRBP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and supernatants were applied to a mouse cytokine antibody array (Ray Biotech, Inc., Norcross, GA) that detects most target proteins at picogram levels for semiquantitative cytokine level measurements. The results were quantified by densitometry and normalized against supplied positive and negative controls, according to the manufacturer's instructions.
Statistical Analysis
All experiments were performed at least twice with similar results. The data were analyzed by independent t-test. P Յ 0.05 was considered to be significant.
RESULTS
Severity of Retinal Damage in Daf1
؊/؊ Mice
We induced EAU in Daf1 Ϫ/Ϫ and wild-type (WT) mice with IRBP 1-20 immunization, together with pertussis toxin and examined eyes enucleated on day 21 as described. 2 After H&E staining, we evaluated the severity of EAU in a masked fashion on a scale of 0 to 4 using previously published criteria based on the number, type, and size of lesions. These analyses showed that both EAU incidence (Daf1 Ϫ/Ϫ 87.5% vs. WT 50%) and histopathology scores (Daf1 Ϫ/Ϫ 1.86 Ϯ 1.08 vs. WT 0.73 Ϯ 0.56) were significantly greater in Daf1 Ϫ/Ϫ mice ( Table 1 ). There was a massive mononuclear cell influx into the posterior uvea, together with severe vasculitic lesions, retinal folding, and photoreceptor cell layer destruction in Daf1 Ϫ/Ϫ mice, compared with mild changes in WTs with EAU ( Fig. 1) .
IRBP 1-20 -Specific T-Cell Responses in Daf1
؊/؊
Mice with EAU
To determine whether the heightened retinal injury in Daf1 Ϫ/Ϫ mice is associated with augmented IRBP-specific Tcell responses, we harvested splenic cells of mice euthanatized on day 21 and quantitated IRBP 1-20 -specific IFN-␥-and IL-17-producing cells with ELISPOT assays. These assays (Fig. 2) showed that spleens from Daf1 Ϫ/Ϫ mice contained 5-to 7-fold more IFN-␥-producing and 2-to 3-fold more IL-17-producing T cells than did spleens from WT mice.
Cytokine Expression Profile in Splenocytes from
Daf1
؊/؊ Mice with EAU
To determine other cytokines differentially expressed by IRBPresponding APCs and T cells in Daf1 Ϫ/Ϫ and WT mice, we incubated spleen cells from diseased Daf1 Ϫ/Ϫ or WT mice together with IRBP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and assayed the supernatants with a cytokine antibody array. This assay provides relative expression level comparisons by measuring densities of respective spots after color development. 22 After densitometry analysis, the results (Fig. 3) showed that Daf1 Ϫ/Ϫ mouse splenocytes produced significantly increased levels of GM-CSF, IL-2, IL-3, and IFN-␥, whereas the IL-6 levels were not significantly different.
DAF Protein Protection of WT Mice from Retinal Injury in EAU
In view of the findings that Daf1 Ϫ/Ϫ mice exhibited more severe retinal injury and elevated IRBP-specific Th1/Th17 responses in EAU, we next tested whether administration of recombinant DAF protein would affect the generation of IRBPreactive T-cell responses in WT mice and affect EAU disease severity. Because EAU severity is mild in C57BL/6 mice, for these experiments, we used the disease-susceptible B10.RIII mice. After immunizing 10 B10.RIII mice with 5 g IRBP 161-180 peptide in CFA without pertussis toxin, we administered 0.5 mg purified mouse DAF protein IP every other day to five mice and an equal volume of PBS to the other five. On day 14, we killed the mice and compared T-cell responses and ocular histopathology. As shown in Fig. 4A , Compared with spleno- 
DISCUSSION
Using Daf1 Ϫ/Ϫ mice and IP-administered recombinant DAF protein, we found that IRBP-specific T-cell responses and the severity of retinal damage in EAU are greatly influenced by DAF. Histopathologic analysis of mouse eyes showed that both the incidence and severity of the retinal injury were greater in Daf1 Ϫ/Ϫ mice. There was markedly greater leukocyte infiltration within the retina and greater disruption of retinal structure compared to mild changes in WT mice. Consistent with this, ELISPOT assays showed 5-to 7-fold more IRBP 1-20 specific IFN-␥-and 2-to 3-fold more IL-17-producing T cells in Daf1 Ϫ/Ϫ mice with EAU. Cytokine array assays showed significantly elevated levels of GM-CSF, IL-2, IL-3, and IFN-␥ produced by Daf1 Ϫ/Ϫ splenocytes. In accordance with these results, systemic administration of soluble recombinant DAF protein in the EAU susceptible B10.RIII mice efficiently inhibited the IRBP-reactive Th1/Th17 responses and protected the mice from retinal injury in EAU.
The findings in this study show for the first time that DAF is integrally involved in the pathogenesis of EAU and provide further evidence that DAF modulates T-cell responses in autoimmune diseases. As indicated in the introduction, we 18 and others 14 have shown that DAF suppresses MOG-specific T-cell responses in EAE, an autoimmune disease model similar to EAU in which MO-specific T cells target the myelin sheath and cause central nervous system (CNS) injury. We found that DAF functions by modulating the activation of C3, fB, fD, and C5, which are locally produced by APCs and T cells, during their Ϫ/Ϫ splenocytes produced elevated levels of GM-CSF, IL-2, IL-3, and IFN-␥, whereas the IL-6 levels were not significantly different. *P Ͻ 0.05. 13 Under conditions of reduced restraint on local complement activation in the absence of DAF, more C5a and C3a are generated, and these anaphylatoxins interact with APC and T-cell C5aR/C3aR, both of which induce bidirectional GPCR signal transduction, which confers costimulation and survival signals to T cells. 16, 17 The elevated production of GM-CSF, IL-2, IL-3, and IFN-␥ by Daf1 Ϫ/Ϫ mouse splenocytes reflects the more severe retinal injury in these mice. GM-CSF is a cytokine that activates neutrophils, macrophages, and eosinophils and drives dendritic cell (DC) generation. 23 Elevated levels of GM-CSF are associated with heightened disease severity in many autoimmune diseases and their animal models, including collagen-induced arthritis 24, 25 and EAE. 26, 27 Moreover, GM-CSF Tg mice which express elevated levels of GM-CSF spontaneously develop retinal injury. 28 IL-2 stimulates Th1 and Th17 cell 9 expansions that drive the pathologic development of EAU. Elevated levels of IFN-␥ in the supernatants were consistent with the ELISPOT assay results, whereas no IL-17 was detected. The immunization protocol (CFA with pertussis toxin), the experimental conditions, or the sensitivity of the array could explain the lack of detection of the suppressive cytokines, such as IL-4, IL-5, IL-10, and TGF-␤.
Recent studies 29 have shown that EAU incidence and severity in IRBP 1-20 -immunized C3 Ϫ/Ϫ mice are significantly reduced compared with that of WT mice and that the severity of EAU is ameliorated in transgenic mice expressing soluble complement receptor 1-related protein Y (Crry), a rodent-specific complement inhibitor that has activities similar to DAF. 30 Although that study clearly indicated that complement is integrally involved in the pathogenesis of EAU, and cell surface complement regulators could protect mice from retinal injury in EAU, the underlying mechanisms were not explored. Although Daf1 Ϫ/Ϫ mice possess similar levels of Crry on their cell surfaces compared with WT mice, 31 DAF deficiency was not compensated by the Crry molecules in different disease models in which the pathologic effects were either caused by conventional terminal complement activation product membrane attack complex (MAC) 31 or by autoreactive T cells. 18 This report, together with our previous studies, 13, 16, 17, 32 indicates that by inhibiting local complement activation between interacting APC-T cells, DAF regulates IRBP-specific Th1 and Th17 responses modulate EAU disease severity.
Previous studies have found that complement and complement regulators are important in other experimental uveitis models. 33, 34 In rats with anterior chamber zymosan injection, anterior uveitis develops because zymosan activates complement through the alternative pathway and thereby promotes ocular inflammation. Depleting complement with cobra venom factor (CVF) prevented zymosan-initiated anterior uveitis while blocking the function of Crry in specific mAb-induced anterior chamber inflammation. 33 In another rat model of anterior uveitis, melanin-associated antigen (MAA) immunization induces T-cell-mediated anterior chamber inflammation. 35 In this model, blocking Crry function with mAbs or its expression with siRNAs resulted in the early onset of disease and the exacerbation of intraocular inflammation. However, MAA-specific T-cell responses were not analyzed in this study. 34 Different from rats, many gene knockout and transgenic mice have been developed. Studies in the mouse EAU model not only have been important for understanding the pathogenesis of human autoimmune posterior uveitis but also have been valuable for testing potential therapies. 36 We have shown that Daf1 Ϫ/Ϫ mice elicit augmented IRBP-specific Th1/Th17 responses and heightened retinal injury and that systemic administration of soluble recombinant DAF protein inhibits both IRBP-specific Th1/Th17 responses thereby protecting mice from retinal injury. Our results not only support the new finding 12 that both IRBP-specific, IFN-␥-producing Th1 cells and IL-17-producing Th17 cells are pathogenic in EAU, but also argue that upregulating DAF levels by pharmaceuticals or by administering soluble recombinant DAF protein could have clinical value in autoimmune posterior uveitis. In fact, one group of drugs known to be able to upregulate DAF expression levels are statins, 37 which have been shown to be effective in treating mice with EAU. 38 
